Background: Selenoprotein F (SELENOF, was named as 15-kDa selenoprotein) has been reported to play important roles in oxidative stress, endoplasmic reticulum (ER) stress and carcinogenesis. However, the biological function of SELENOF is still unclear.
Background
Selenium (Se) is a necessary trace element for human health. It primarily exerts its function through selenoproteins in which Se is present in the form of selenocysteine (Sec), which is encoded by UGA, traditionally read as a stop codon in the coding region. SELENOF, initially named as 15-kDa selenoprotein (Sep15) is one of the 25 genes in humans encoding for selenoproteins [1] . It is conserved from worms to human beings, whereas the genes in C. elegans, B. malayiand Drosophila encode homologous proteins that contain cysteine in place of selenocysteine [2] . The NMR structure of fruit fly SELENOF shows that the protein contains a thioredoxin-like motif. The redox potential of this motif is between that of thioredoxin and protein disulfideisomerase, so SELENOF was assumed to be a thiol-disulfide oxido-reductase and/or isomerase [3] . The N-terminal signal peptide of SELENOF guides it to localize to the ER [4] . Mouse SELENOF was shown to form a 1:1 complex with UDP-glucose: glycoprotein glucosyltransferase 1 (UGGT1), which is a chaperone involved in the quality control of N-glycosylated proteins in ER mediated by the cysteine-rich domain of SELE-NOF. Thus, SELENOF could possibly be involved in glycoprotein folding control in ER [5, 6] . Tunicamycin (an N-linked glycosylation inhibitor and is commonly used to induce ER stress experimentally) upregulates the SELENOF protein level, whereas dithiothreitol (DTT, an ER stressor which blocks formation of disulfide bonds in the ER preventing xidative folding of membrane and secretory proteins) promotes SELE-NOF degradation through the proteasome pathway [7] . SELENOF knock out (KO) mice demonstrated no obvious phenotypes, except the development of nuclear cataracts resulting from improper protein folding and posttranslational modifications that always induce ER stress [8] . The deficiency of SELENOF in Chang liver cells induces ER stress and inhibits cell proliferation and invasion [9] . This outcome is consistent with the results of a knockdown of SELENOF mRNA in a colon cancer cell line, which resulted in the inhibition of tumor cell growth, and lung metastasis [10, 11] . Knockout of SELENOF in mice also prevented the formation of chemically induced aberrant crypts [12] . However, deletion of SELENOF in NIH3T3 cells led to cytoskeleton remodeling and membrane blebbing but not to apoptosis [13] . No ER stress was detected in the liver of SELENOF KO mice either [8] . The data imply that SELENOF plays multiple roles in different tissues or cells. SELENOF is discovered to distribute in brain with high level. It is explored from Atlas dataset that SELENOF gene expression is rich in neurons in olfactory bulb, hippocampus, cerebral cortex, and cerebellar cortex [14, 15] . It also has high transcript levels in mouse neuronal cells of the hippocampus and Purkinje cells of the cerebellar cortex, with expression profiles that are similar to the ER chaperones calnexin (CNX) and oxido-reductase ERp57, which are the major components of the quality control mechanism in ER [7] , so SELENOF might play some roles in central neural system (CNS).
Human retinol dehydrogenase 11 RDH11 belongs to the short-chain dehydrogenases/ reductases (SDR) family [16] . It is able to reduce both all-trans-and cisretinaldehydes into all-trans-and cis-retinol (Vitamin A) [17, 18] . An RDH11 knockout in mice did not affect the retinoid profiles when the mice adapted to dark conditions [17] , but the deleterious mutations in the RDH11 gene caused a new syndrome with retinitis pigmentosa [19] , which is an inherited degenerative disease in the retina that causes severe vision impairment. Therefore, RDH11 may be related to not only the vitamin A cycle but also retina protection.To obtain insight into the function of SELENOF in the brain, an interactive protein of SELENOF was screened out to be RDH11 with a yeast two-hybrid system and validated with fluorescence resonance energy transfer (FRET), co-immunoprecipitation (co-IP) and pull-down assays in this study. Overexpression of SELENOF in HEK293T cells inhibited enzyme activity of RDH11, implying the function of SELENOF in retinol metabolism.
Methods
Amplification and mutagenesis of cDNA encoding SELENO F and plasmid construction
The cDNA encoding human SELENOF was cloned from a human fetal brain cDNA library (Clontech, U.S.A). The primers, restriction enzymes and plasmids constructed for this study are all presented in Table 1 . Due to the absence of selenoprotein synthesis machinery in yeast cells, the Sec-coding TGA codons in SELENOF was changed into Cys-coding TGC by using site-directed mutagenesis [20] to generate the SELENOF' gene, which was then inserted into vector NpGBKT7 (Clontech, U.S.A), pEYFP-N1 (kindly provided by professor Deming Gou from Shenzhen University) and PET28b (Novagen), to generate NpGBKT7-Seleno F′, pECFP-C1-SELENOF' , and SELE-NOF'-PET28b for Yeast two-hybrid, FRET and pull down experiments, respectively. The plasmids were confirmed to contain the target gene fragments by restriction enzyme analysis and DNA sequencing.
Library screening through yeast two-hybridization
Plasmid NpGBKT7-SELENOF' was used to screen the human fetal brain cDNA library via the yeast two-hybrid system. Yeast transformation and library screening were performed following the procedures described in the user manuals for the assays (YeastmakerTM Yeast Transformation System 2 and Matchmaker™ Gold Yeast Two-hybrid System, Clontech, U.S.A). Positive yeast colonies from library screening were selected from the quadruple dropout solid medium SD/−Ade/-His/−Leu/ −Trp containing X-α-Gal and Aba. Plasmids extracted from the yeast cells were transformed into E. coli Top10 competent cells. Prey plasmids were amplified in LB medium containing ampicillin and extracted from E. coli cells. The obtained prey plasmids and the NpGBKT7-SELENOF' bait plasmid were co-transformed into Y2HGold yeast cells and grown on SD /−Leu /−Trp /x-α-gal /Aba solid medium to determine whether the colonies turned blue. The positive prey plasmids were then sequenced and analyzed with the basic local alignment search tool (BLAST).
Verification of the interaction between SELENOF' and each prey by fluorescence resonance energy transfer (FRET)
All the procedures were referred to the papers published previously [21, 22] . To verify the interaction between SELENOF' and each prey, the coding sequences of SELENOF' and each prey were inserted into expression vectors (pEYFP-N1 and pECFP-C1, a kindly gift from Deming Gou in Shenzhen University) containing enhanced yellow fluorescence protein (YFP) and cyan fluorescence protein (CFP), respectively. For the FRET acceptor photobleaching assay, each pECFP-C1-prey plasmid and pEYFP-N1-SELENOF' plasmid was cotransfected into Human embryonic kidney HEK293T cells. The transfection procedure was performed according to the lipofectamine 2000 transfection protocol (Thermo Fisher Scientific, USA), and imaging was performed using a confocal laser scanning microscope (Olympus Fluoview FV1000, Tokyo, Japan) with a 60× oil immersion objective and the acceptor photobleaching module. The acceptor signal (yellow fluorescence) was bleached in defined regions of interest (ROI) with 515 nm light at 98% laser power for 60 s. The changes in the donor signal (cyan fluorescence) induced by acceptor photobleaching were quantified by comparing the pre-and post-bleaching images obtained by excitation at 405 nm.The acquired data were also analyzed using the Olympus Fluoview FV1000 Toolbox software. FRET efficiency was calculated as Ipre-bleaching/Ipost-bleaching, where pre-bleaching is the intensity of cyan fluorescence before bleaching in defined ROIs. Distance (r) was calculated as R0 (1/E-1)1/6, where R0 is the determined by outlining an ROI in a region containing no cells. This background value was subtracted from each value obtained in the cells. The mean fluorescence intensity obtained in at least 20 ROIs from at least three different transfected cells was measured for each protein pair. As controls, cells co-transfected with pEYFP-N1-SELENOF' and pECFP-C1 or pEYFP-N1 and ECFP-C1-prey were also studied.
Co-IP detection for protein-protein interaction
Approximately 24 μg of the SELENOF-HA-SelExpress1 plasmid and RDH11-pEYFP-N1 was co-transfected into 1 × 10 6 HEK293T cells seeded in 100 mm culture dishes (pSelExpress1 is a plasmid expressing recombinant selenoprotein with high efficiency and was a kind gift from Prof. Gladyshev at the Harvard Medical School). pEYFP-N1, SELENOF-HA-SelExpress1, RDH11-pEYFP-N1 and HA-SelExpress1 were transfected into cells as the control conditions. Forty eight hours after transfection, the cells were lysed in RIPA solution (Bonataike, Shenzhen, China). The lysates were centrifuged at 12,000 g for 30 min at 4°C. The supernatants were collected, and the total protein amount was determined using the bicinchoninic acid (BCA) protein assay kit (Beyotime, China). One mg of supernatant protein from each group was mixed with protein G plus-agarose beads at 4°C for 1 h to preclear the sample for minimizing nonspecific binding of proteins. Then, the precleared supernatant was incubated with 2 μg of anti-HA or anti-GFP antibody for 1 h at 4°C, followed by incubation with protein Gagarose beads overnight at 4°C. The agarose beads were spun down at 2000 g for 2 min and washed three times with RIPA lysis buffer and twice with PBS.
The collected beads were boiled in 5× loading buffer, and the supernatant was separated by SDS-PAGE and analyzed by Western blotting (WB) using the primary antibody for anti-GFP or the anti-HA antibody.
His pull-down assay SELENOF'-PET28b was transformed into E.coli BL 21 (DE3) and recombinant SELENOF' was induced by 0.4 mM IPTG at 30 degree for about 16 h. Cell lysates of E. coli containing recombinant his-tagged SELENOF' were immobilized on Ni-NTA beads, and the purified protein was incubated on the beads with RDH11-YFP, which was overexpressed in HEK293T cells. The beads containing the protein interaction complex were washed four times with lysis buffer, boiled in 5× loading buffer and analyzed by WB using an anti-GFP monoclonal antibody.
Analysis of RDH11 enzymatic activity affected by SELENOF
Catalytic activity of RDH11 was assayed in 25 mmol/L phosphate buffer saline (PBS), at 37°C (reaction buffer) in siliconized glass tubes. The reductive activity of RDH11 toward all-trans-retinaldehyde substrate was analyzed using all-trans-retinol and all-trans-retinaldehyde (Roch). The stock solution of all-trans-retinaldehyde substrate was dissolved in DMSO. The 500 μl reactions were started by the addition of cofactor 0.3 mmol/L NADPH-Na4 and carried out for 15 min at 37°C with 200 rpm shaking. The amount of cell lysates in the reaction mixture is around 250 μg. The reactions were terminated by the addition of an equal volume of cold methanol: n-butyl alcohol 95:5 supplemented with 100 μg/ml butylated hydroxytoluene. Retinoids were analyzed using a Waters Alliance HPLC system. Elution was monitored at 325 nm. Ten-microliter aliquots were analyzed by reverse-phase HPLC (SHI-MADZU, Japan) using a C18 column (4.6 × 150 mm), and the mobile phase consisted of acetonitrile: 30 mmol/L ammonium acetate (85, 15, v/v). The flow rate was 1.5 ml/ min. Under these conditions, all-trans-retinol and alltrans-retinaldehyde eluted at around 11.27 and 12.64 min, respectively. The reaction products were quantified by summing the areas of both peaks of retinol and retinal. The ratios of the produced retinol were analyzed.
Statistical analysis
Results are presented as mean ± SEM. Statistical analysiswas performed by ANOVA and student t-test (Graphpad software, San Diego, CA, USA). A value of P < 0.05 was considered as statistically significant.
Results
The interactive protein of SELENOF' screened with a yeast two-hybrid system from a human fetal-brain cDNA library
Before screening, NpGBKT7-SELENOF' was transformed into Y2H Gold yeast cells, and no self-activation was observed. The NpGBKT7-SELENOF' containing yeast colonies were then used to screen the fetal brain cDNA library. On the corresponding selection plates (SD/−Ade/-His/−Leu/−Trp) containing X-α-Gal and aureobasidin A (Aba), several blue (positive) colonies were grown (Additional file 1: Figure S1 ). The plasmids from these colonies were extracted and transformed into E. coli Top10 competent cells separately. The bait plasmid and each screened prey plasmid were then re-transformed into Y2H Gold yeast cells, followed by plate selection (SD/−Trp/−Leu/-His/−Ade/X-α-gal/Aba). The prey plasmids in three positive colonies following re-transformation were subjected to sequencing and bioinformatics analysis with the Basic Local Alignment Search Tool (BLAST). They were found to be Homo sapiens retinol dehydrogenase 11 (RDH11), Homo sapiens tubulin, beta 4 (TUBB4) and Homo sapiens Septin 3 (SEPT3).
FRET verification of protein-protein interaction
To verify the interaction between SELENOF' and the prey plasmids, FRET analysis of the acceptor photo bleaching was performed. The results showed that the estimated distance between the SELENOF'-YFP donor and the CFP-RDH11 acceptor was 5.51 nm ± 0.235 nm (n = 8) (Fig. 1a) . The energy transfer efficiency between the proteins was calculated to be 29.21% ± 6.1% (n = 8) (Fig. 1a) . The FRET efficiency of control cells cotransfected with pEYFP-N1 and ECFP-C1-RDH11 was calculated to be 6.16% ± 1.7% (n = 8) (Fig. 1b) , and the distance was estimated to be 8.51 nm ± 0.361 nm (n = 8, Fig. 1b) . The FRET efficiency of control cells cotransfected with pEYFP-N1-SELENOF' and pECFP-C1 was calculated to be 5.28% ± 2.3% (n = 8) (Fig. 1c) , and the distance was estimated to be 9.12 nm ± 0.251 nm (n = 8, Fig. 1c) .
The results showed that the fluorescence of the CFP-RDH11 donor significantly increased after the receptor was bleached (Fig. 1a) , but this was not observed in control cells (Figure 1b and c) . The distance between the CFP-RDH11 donor and the SELENOF'-YFP receptor was less than 10 nm, so the interaction between SELE-NOF' and RDH11 was confirmed. FRET assays were also used to detect interactions between SELENOF' and TUBB4 or SEPT3, but no significant FRET efficiency was detected (Data not shown). Therefore, the following experiments were used to verify the interaction between RDH11 and SELENOF'. RDH 11, TUBB4 and SEPT3 were screened as SelenoF' interaction proteins in human embryo brain cDNA library using yeast two-hybrid system. All the interactions between preys and SELENOF' were tested by FRET assay. Only RDH11 and SELENOF' showed higher interaction efficiency. The interaction between RDH11 and SELENOF' was further verified by Co-IP and pull down assay.
Co-IP verification of protein-protein interactions
To further confirm the interaction between SELENOF and RDH11, co-IP assays were performed. The constructed plasmids SELENOF-HA-SelExpress1 and RDH11-pEYFP were co-transfected into HEK293T cells. An antibody against HA was used to detect IP HAtagged SELENOF from cell extracts. The isolated proteins were analyzed by WB using an anti-GFP antibody to detect YFP-tagged RDH11 (YFP contains Tyr203 instead of Thr203 in GFP, so it is able to be detected by anti-GFP antibody). A specific association between HAtagged SELENOF and GFP-tagged RDH11 is shown in lane 2 of Fig. 2a . Conversely, a GFP antibody was used to identify IP EYFP-tagged RDH11, and an HA antibody was used to probe for HA-tagged SELENOF. The association of SELENOF with RDH11 is also shown in lane 2 of Fig. 2B . A specific association between HA-tagged SELENOF and RDH11 is shown in Fig. 2 , which further confirms the interaction between SELENOF and RDH11 in mammalian cells.
Pull-down verification of the protein-protein interaction
A pull-down assay was performed to further study the interaction between SELENOF' and RDH11 in mammalian cells. The recombinant expression of the SELE-NOF'-His fused protein was purified with pNi-NTA (affinity chromatography) (lane 5 of Fig. 3 ). RDH11-EYFP-N1 plasmids were transfected into HEK293T cells, and the empty vector pEYFP-N1 was used as the negative control.
An antibody against His was used to separate IP EYFP-tagged RDH11 from cell extracts. The isolated proteins were analyzed by WB using an anti-GFP antibody. A specific association between SELENOF'-His and RDH11-EYFP is shown in lane 2 of Fig. 3 , which further confirmed the interaction between SELENOF' and RDH11.
Reductase activity of RDH11 affected by SELENOF
It was reported that RDH11 was most efficient as an all-trans-retinal reductase [18] , therefore the catalytic activity of RDH11 affected by its interacting protein SELE-NOF was detected by addition of substrate all-transretinaldehyde and cofactor NADPH. Expression level of recombinant SELENOF-HA and RDH11-YFP were detected by Western Blot (Additional file 2: Figure  S2 ). As analyzed by reverse-phase HPLC, the peaks of all-trans-retinol and all-trans-retinaldehyde corresponding to the standards were detected (Fig. 4c, d & e ) . The standard of all-trans-retinol or all-trans-retinaldehyde was analyzed by reverse-phase HPLC and eluted at around 11.3 or 12.4 min (Fig. 4a & b) . The product of all-trans-retinaldehyde reduction catalyzed by RDH11 was all-trans-retinol (Fig. 4c, d & e) .Therefore, the reaction products were quantified by ratio of both peaks areas of all-trans-retinol and all-trans-retinaldehyde. The ratios of retinol were calculated and analyzed (Fig. 4f ) . In the reaction containing cell lysates with only overexpressed SELENOF, some all-trans-retinol was produced (Fig. 4f, column 2) , suggestingSELENOF may reduce alltrans-retinaldehyde into all-trans-retinol. The reductase activity of recombinant SELENOF' was also detected in this study (Additional file 3: Figure S3) . Surprisingly, in the reaction containing cell lysates with overexpressed RDH11 and SELENOF, the produced all-trans-retinol is lowest (Fig. 4f, column 1) . Perhaps the over expressed SELENOF and RDH11 blocked the retinal reductase activity of each other. The results suggested that SELENOF decreased the retinal reductase activity of RDH11 in HEK 293 T cells.
Discussion
The co-localizations of RDH11 and SELENOF at ER [23, 24] provide the possible interaction between them. The tissue distributions of RDH11 and SELENOF are also identified to be overlapped. Although RDH11 is involved in the retinal pigment epithelium (RPE) during the retinoid visual cycle, it is found in different tissues such as brain, testis and prostate [25] . SELENOF mRNA was also detected to be expressed highly in all above tissues [26] . The overlapped tissue distributions may imply that both of SELENOF and RDH11 are involved in the same biological processes. The results in this study suggested both of SELENOF and RDH11 might reduce alltrans-retinaldehyde into all-trans-retinol, but over expressed SELENOF and RDH11 inhibited the enzyme activity of each other.
RDH11 belongs to the short-chain dehydrogenases/reductases (SDR) family [16] and exhibits more efficient enzyme activity for reduction of all-trans-retinaldehyde than oxidation of all-trans-retinol (vitamin A, VA) [23] . The results of this study verify this, and detect that over expressed SELENOF inhibits the exogenous RDH11 retinal reductase activity, suggesting that SELENOF is possibly involved in VA metabolism. VA is essential in visual cycle, where 11-cis-retinaldehyde derived from VA associates with opsin protein and then it isomerizes to all-transretinaldehyde in response to light, activating the opsin and triggering visual neuronal response [27] . After that, alltrans-retinaldehyde is reduced into all-trans-retinol by reductases generally, stored in retinal pigment epithelium (RPE) and then transformed into 11-cis-retinaldehyde involved in a new visual cycle [28] . Retinol dehydrogenases (RDHs) including RDH11, are responsible for oxidizing 11-cis-retinol to 11-cis-retinaldehyde in RPE and reducing all-trans-retinaldehyde to all-trans-retinol in rod photoreceptor, depending on different cofactors [28] . Cofactor NADPH has been used in this study, so the reductive activity of RDH11 is detected, which is consistent with the previous study [29] . VA and its metabolites (retinoids), such as retinoic acid (RA), are essential not only in visual cycle but also in the development, maintenance and morphogenesis of the central nervous system (CNS) [30] . VA deficiency is positively correlated with cognitive decline in the elderly population; prenatal marginal VA deficiency exacerbates learning and memory deficits in AD model mice and VA supplementation attenuates these affects [31] . A mid-life VA supplementation during 4 months prevents spatial memory decline in 17-month-old rats and improves the dendritic arborisation of new born immature neurons by inducing an increase in the intracellular availability of retinoid acid (RA) [32] . RA is required in growth Fig. 3 Verification of the interaction between SELENOF' and RDH11 by pull-downassay. SELENOF'-PET28b was transfermated into E.coli BL21 (DE3) and recombinant SELENOF'-his was purified by Ni-NTA; RDH11-EYFP-N1 was transfected into HEK293T celss. Cell lysates containing RDH11-EYFP-N1 and purified SelenoF'-His were incubated with Ni-NTA resin (pull-down) and then detected by anti-GFP antibody. The supernatant of the cell lysate containing RDH11-EYFP-N1, named Input, was used as a positive control for WB analysis probed with an anti-GFP antibody. Cell lysates containing the EYFP-N1 vector and purified SelenoF'-His were used as negative controls and development, such as neurogenesis, cardiogenesis, body axis extension, and development of the forelimb buds, foregut, and eye [33] . It is produced from VA in the body by two sequential oxidation steps that convert retinol first to an aldehyde (retinaldehyde) and then to a carboxylic acid, RA [34] . Retinol dehydrogenase 10 (RDH10) was reported to control the step retinol to retinaldehyde in embryo development [35] . In our results, RDH11 has been confirmed to reduce retinaldehyde to retinol, SELENOF has also been detected to has the enzyme activity, but SELENOF overexpression inhibits the production of retinol. It seems that the interaction between SELENOF and RDH11 blocks the reaction from retinaldehyde to retinol or just blocks the enzyme active sites of both RDH11 and The reactions were terminated by the addition of an equal volume of cold methanol: n-butyl alcohol 95:5 supplemented with 100 μg/ml butylated hydroxytoluene. Ten-microliter aliquots were analysed by reverse-phase HPLC using a C18 column. Mobile phase was acetonitrile: 30 mmol/L ammonium acetate (85: 15, v/v). The flow rate was 1.5 ml/min. Under these conditions, all-trans-retinol and all-trans-retinaldehyde eluted at around 11.27 and 12.64 min, respectively. Elution was monitored theabsorbance at 325 nm SELENOF As a result, the aldehyde production has been increased and then might probably convert to VR to perform important roles insome physiological processes. But the mechanism should be studied in the future work.-Although no data is published on the function of SELE-NOF in brain, several papers have been reported that selenium deficiency is associated with cognitive decline [36] as well as chemicals or compounds containing selenium protect Alzheimer's disease (AD, one of the neurodegenerative diseases) [37] [38] [39] . The expression level of SELENOF is regulated by dietary selenium [12] , so that selenium supplementary may increase SELENOF expression level. High level of SELENOF in brain might interact with RDH11 and probably promote the production of aldehyde and VR. The study may provide a new clue for the physiological roles of SELE-NOF. Future experiments in this direction may lead to a better understanding of the association between RDH11, SELENOF and VA metabolism.
Conclusions
A SELENOF interactive protein, RDH11, was screened out with the yeast two-hybrid system against a human fetal brain cDNA library and verified by FRET, co-IP and a pull-down assay. The production of retinol converted from retinaldehyde was inhibited by SELENOF implied its role, WHICH revealed the possible role of SELENOF in the vitamin A metabolism.
Additional files
Additional file 1: Figure S1 . Additional file 3: Figure S3 . The reductase activity of SELENOF' toward all-trans-retinaldehyde. The plasmid SELENOF'-PET28b was transfected into E.coli (BL21) and recombinant SelenoF' was induced and then the cell lysates were used to detect the enzyme activity to reduce all-transretinaldehyde (column A); Empty vector PET28b was transfeced into E.coli (BL21) and used as the negative control (column B 
